Diffraction coupled arrays of quantum cascade laser are presented. The phase-locked behavior is achieved through monolithic integration of a Talbot cavity at one side of the laser array. The principle is based on fractional Talbot effect. By controlling length of Talbot cavity to be a quarter of Talbot distance (Z t /4), in-phase mode operation is selected. Measured far-field radiation patterns reflect stable in-phase mode operation under different injection currents, from threshold current to full power current. Diffraction-limited performance is shown from the lateral far-field, where three peaks can be obtained and main peak and side peak interval is 10.5
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• . The phase-locked arrays with in-phase mode operation may be a feasible solution to get higher output power and maintain well beam quality meanwhile.
Mid-infrared applications are significant technologies, such as trace gas-sensing, breathe analysis, and free-space optical communications.
1 In this spectra range, quantum cascade lasers (QCLs) are ideal semiconductor coherent light sources because of such features as compact size, room temperature operation, and high reliability.
2,3
However, for traditional narrow ridge QCLs, to force the fundamental mode operation, width of laser active region should be in the order of wavelength, which limits lasers output power. To overcome this problem, many solutions have been reported to achieve stable optical coherence for broad-area devices, including photonic crystal DFB lasers, 4 master-oscillator power-amplifiers, 5 angled cavity lasers, 6 and tilted facet lasers. 7 All these methods have achieved near diffraction-limited beam quality.
Phase-locked arrays technology is another alternative solution, where several numbers of lasers are integrated together coherently. 8 Because the active regions of lasers are separated, such devices have better heat dissipation ability than broad area devices. The key point of phase-locked arrays technology is how to achieve coherence among each laser, which ensures well beam quality. Phase-locked arrays of QCLs with different coupling schemes to achieve coherence have been reported, including evanescent-wave coupled arrays, 9, 10 leaky-wave coupled arrays, 11, 12 and Y-coupled arrays.
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The evanescent-wave coupled devices often tend to favor out-of-phase mode, leading to double-lobe far-field patterns; 8 The leaky-wave coupled devices need very complex regrowth process or additional phase sectors to ensure in-phase mode operation;
11,12 Y-coupled devices generally show undesirable self-pulsation dynamics between in-phase and out-of-phase modes due to spatial hole burning effect.
12 Diffraction coupled scheme is a) Electronic mail: wangleimessi@semi.ac.cn another method to phase-lock lasers in an array. In the near-infrared, this method has been successfully employed to achieve phase-locked arrays of semiconductor lasers with diffraction-limited beam quality. 8 In this letter, we expanded the diffraction coupled phase-locked arrays technology into the mid-infrared region with QCLs.
The principle is based on Fractional Talbot effect, which occurs when propagation distance Z of light emitted from a periodic array of light sources satisfies the condition
with
where p and q are coprime integers; Z t is called Talbot distance; n is the index of refraction; d is the spatial period of light sources; λ is the free-space wavelength. In this case, the optical field shows q spaced copies of the origin.
The sketch of the diffraction coupled phase-locked arrays is presented in Figure 1 . The emission wavelength of lasers is 4.6 µm. The device consists of a three lasers array and a Talbot cavity. Center-to-center spacing of adjacent lasers is 25 µm, and each laser has a 10-µm-wide (to force fundamental optical mode operation for each individual laser) and 2-mm-long ridge. Because of the existence of Talbot cavity, the optical modes of each laser will couple with each other and generate so called supermodes. 15 The number of supermodes is equal to the number of lasers in the array 15 and the phase difference of each supermode between adjacent lasers is 0 (in-phase), π/2, and π (out-of-phase) respectively. The in-phase mode is usually desired for practical applications because of better beam quality than others. However, mode competition usually exists between in-phase mode and out-phase mode. The supermode selection is related with length of Talbot cavity. After propagating a round trip in Talbot cavity, light will couple into cavity of lasers. The coupling efficiency is dependent on the overlap integral
where the E 0 (x, y) is the initial optical field distribution and the E(x, y) is optical field distribution after propagating a round trip in Talbot cavity. The waveguide losses and mirror losses are nearly no difference for three supermodes or uncoupled mode. Therefore, total optical losses mainly depend on the coupling efficiency at interface of Talbot cavity and lasers cavity. The mode which has the greatest coupling efficiency will have the lowest total optical losses. In other words, such mode operation has the lowest threshold current and is most favored. We simulate relationship between coupling efficiency and length of Talbot cavity. Radiation from each laser source is characterized by a Gaussian beam in plane, where the full waist is regarded as the width of laser ridge (10 µm) and the center-to-center spacing of adjacent sources is 25 µm. The simulated result is shown in Figure 2 . When length of Talbot is less than 50 µm, the coupling efficiency of each mode is nearly same, so no mode is favored and then there is no phase-locked behavior. The in-phase mode will have greater coupling efficiency than other modes when length of Talbot cavity is between 75 µm and 125 µm. In this range, the coupling efficiency of in-phase mode reaches the maximum when length of Talbot cavity is near Z t /4, where the index of refraction n to calculate the value of Z t can be regarded as the effective refraction index N eff in medium. This simulated results fit the theory of fractional Talbot effect. 8, 14 Therefore, in order to ensure the in-phase mode operation, we controlled length of Talbot cavity to be Z t /4.
Detailed fabrication process of devices is similar with that of common single-ridge devices.
17 No highreflectivity or anti-reflectivity coating was applied to each facet. Specially, a scriber with a precision of 5 µm was used to cleaved the wafer into separate devices, to accurately control the length of Talbot cavity to be Z t /4. Fabricated devices is shown in 3.
Pulsed operation was taken at 1.5% duty cycle with 600 ns pulse width for testing. Detailed testing methods are same with Ref. 17 . The Figure 4 shows the pulsed operation power versus current (P-I) characteristics. The threshold current is about 1.6 A. Because the total current injection area contains the laser array and the Talbot cavity, the threshold current density (J th ) is about 1.9 kA/cm 2 . The maximum output optical power is over 350 mw when the injection current is 4.0 A. The measured emission spectrum is shown in the inset of Figure  4 . The wavelength peak is 4.6 µm.
What we are most interested in is the far-field radia- tion pattern along the array direction, because it reflects whether phase-locked behavior happens and phase relationship among each laser. Measured lateral far-field radiation patterns of the devices are shown in Figure  4a . The far-field radiation pattern contains three peaks, a central maximum peak and two secondary maximum peaks. The peak with maximum intensity is located at the center with FWHM about 4
• . The intensity of secondary maximum peak is approximately 50% of intensity of the central maximum peak and the FWHM of the secondary maximum is also about 4
• . The peak separation between the central maximum and the secondary maximum is about 10.5
• . Such far-field radiation pattern indicates that near diffraction-limited beam quality is achieved (horizontal beam divergence of 4.6 µm QCLs with 10-µm-width ridge is about 32
• for fundamental mode operation). The multi-peaks shape of normalized far-field profile is a result of optical interference among the light emitted from the three lasers. The multi-slits Fraunhofer diffraction theory can be employed to interpret the far-field radiation pattern, which can be given by
where I(θ) is far-field pattern of individual laser; G(θ) is called grating function; P l are admixture factors, E l /E 1 ; d is the center-to-center spacing of adjacent lasers; θ is the angle in the reference plane; k 0 is the value of wave vector for free-space wavelength. For the in-phase mode, because all lasers have the same phases, the admixture factors P l are all equal to one. The equation (4) shows that the far-field radiation pattern is influenced by two effects, I(θ) and G(θ). The I(θ) is far-field radiation pattern of each individual lasers, which is mainly a result of single-slit diffraction effect and the G(θ) represents the multiple-slits interference effect. The separation between adjacent peaks δθ is mainly dependent on the G(θ), the interference effect, which is given by
where d is center-to-center spacing of adjacent lasers, so the value of δθ is 10.6
• . This is very close to the experiment results. The solid curve in the Figure 5 is simulated far-field pattern of three Gaussian sources with same optical phase (in-phase mode). The simulated curve fits very well with the measured far-field data. This indicates that phase-locked behavior among the lasers array is achieved and in-phase mode operation is taken.
We also fabricated devices with length of Talbot cavity Z t /2. Measured far-field radiation patterns of such devices at different injection currents are shown in figure 5b. Two peaks locate at 5.2
• and -5.2
• respectively, and FWHM of each peak is about 4
• . The solid curve in the Figure 5b is simulated far-field of out-of-phase mode. It reflects that out-of-phase mode operation is taken at this case. What we must notice is that the two peaks have opposite optical phases. Because the maximum intensity of the far-field is not in the center, such mode operation is often not desired for practical applications.
In summary, we have demonstrated a new coupling scheme to achieve phase-locked arrays of mid-infrared QCLs, diffraction coupled phase-locked arrays. Phaselocked behavior is achieved by integrating a Talbot cavity to adjust total optical losses of each mode. The in-phase mode operation can be achieved by controlling the length of Talbot cavity to be Z t /4, where the in-phase mode has the lowest total optical losses and is selected. The far-field radiation patterns indicate that near diffractionlimited beam quality has been achieved. The far-field radiation patterns can be well predicted and explained by the multi-slits Fraunhofer diffraction theoretical model. The in-phase mode operation shows high modal stability because of much smaller optical loss than those of other supermodes.
